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Abstract 
Helium inventory in high energy accelerators, tokamaks and free electron lasers may exceed tens of tons.  The 
gaseous helium is stored in steel tanks under a pressure of about 20 bar and at environment temperature. Accidental 
rupture of any of the tanks filled with the gaseous helium will create a rapid energy release in form of physical blast. 
An estimation of pressure wave distribution following the tank rupture and potential consequences to the adjacent 
research infrastructure and buildings is a very important task, critical in the safety aspect of the whole cryogenic 
system. According to the present regulations the TNT equivalent approach is to be applied to evaluate the pressure 
wave following a potential gas storage tank rupture. A special test stand was designed and built in order to verify 
experimentally the blast effects in controlled conditions. In order to obtain such a shock wave a pressurized plastic 
tank was used. The tank was ruptured and the resulting pressure wave was recorded using a spatially-distributed 
array of pressure sensors connected to a high-speed data acquisition device. The results of the experiments and the 
comparison with theoretical values obtained from thermodynamic model of the blast are presented. A good 
agreement between the simulated and measured data was obtained. Recommendations regarding the applicability of 
thermodynamic model of physical blast versus TNT approach, to estimate consequences of gas storage tank rupture 
are formulated. The laboratory scale experimental results have been scaled to ITER pressurized helium storage 
tanks. 
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Nomenclature 
E energy 
mTNT equivalent mas of TNT 
n reciprocal of the fraction of the sphere 
p  pressure 
R radius 
r distance 
V volume 
N specific heat ratio 
 
Indices 
 
amb ambient 
ex experiment 
o refers to initial state 
x refers to any other container than used in experiment 
1. Introduction 
ITER tokamak now under construction at ITER IO in Cadarache will make an extensive use of helium aimed at 
cooling the superconducting magnets. The total helium inventory is estimated at about 25 tones. In case of the 
machine resistive transition or maintenance warm up, the helium at about 20 bar will be gathered in warm pressure 
tanks and a cold quench tank precooled to 80 K. Additionally, compressed and liquid nitrogen will be gathered in 
the vicinity to the helium tanks. 
Accidental rupture of any of the tanks filled with the gases will create a rapid energy release in form of physical 
blast. The aim of the analysis is the estimation of pressure wave distribution following the tank rupture and the 
evaluation of the maximum pressure wave on the tokamak adjacent infrastructure and buildings in order to help 
decision on potential consequences. 
According to the present regulations the TNT equivalent approach is to be applied to evaluate the pressure wave 
following a potential gas storage tank rupture. The TNT evaluation method is based on the amount of energy stored 
in pressurized gas container, expressed in equivalent of kilograms of TNT. The TNT equivalent pressure wave 
calculations make use of TNT-model proposed by Frazer-Nash for hydrogen explosions (Iseli, 2011). This approach 
seems to produce overestimated pressures compared to those obtained from alternative thermodynamic model. 
In the thermodynamic model it is assumed that ideal gas occupies a volume V under pressure Pz restricted by 
rigid walls. At some moment the walls are fully and suddenly removed, what triggers gas expansion in form of 
sphere or some fraction of sphere – this depends on obstacles like ground and buildings, which influence the wave 
front shape.  The pressure in space occupied by expanding gas is assumed to be uniform as speed of sound is higher 
than the gas wave velocity. 
The correctness of thermodynamic model describing pressure wave resulting from gas storage tank blast has been 
verified experimentally. 
2. Pressure wave evaluation 
Two models of maximum pressure distribution p versus the distance r of bursting container have been taken into 
account. In the first model pressure distribution is assumed to be the same as during explosion of TNT charge of 
a mass equivalent to the amount of energy stored in container. In the second model the pressure distribution is 
calculated from static thermodynamic equations ruling gas expansion from some initial volume and pressure. 
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2.1. TNT-equivalent model pressure wave evaluation  
Three formulas for calculating stored energy of ideal gases are proposed by Brode (Brode, 1959), Baker 
(isentropic) and Kinney (isothermal) (Paulsen, 2009). The highest value of energy are obtained from Brode and 
Kinney formula but for further modeling the Brode formula is applied, similar like in ITER (Iseli, 2011), as 
recommended by the Center of Chemical Process Safety (1994/15). The formula for energy stored in container of 
volume V and under the pressure p is as follows 
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For example, converting the energy of the compressed gas into grams of TNT by using the TNT-equivalent  
(1 g TNT = 4605 J) for a nitrogen filled 5 liter bottle pressurized to 4 bar gives following values for mTNT: Brode – 
0.7029, Baker – 0.3236 and Kinney – 0.5717 gram of TNT. An analogous conversion for real helium 360 m3 set of 
containers under pressure of 25 bar gives: Brode – 296, Baker – 216 and Kinney – 597 kg of TNT. 
Further with the known amount of equivalent TNT mass the model proposed by Frazer-Nash for hydrogen 
explosion is used to calculate maximum pressure p(r) distribution versus distance from bursting container – details 
are given in (Iseli, 2011). 
2.2. Thermodynamic model pressure wave evaluation 
In the thermodynamic model it is assumed that ideal gas occupies some space of volume Vz under pressure pz, 
restricted by rigid walls. At some moment the walls are fully and suddenly removed, which brings a gas expansion 
in form of sphere or some fraction (1/n) of sphere – this depends on obstacles like ground and buildings, which 
influences the wave front shape. The pressure in space occupied by expanding gas is assumed to be uniform as 
speed of sound is much higher than gas particle velocity. Also the expansion process is assumed to be isentropic, 
because its rapidity, which prevents heat exchange between gas and environment. Using these assumptions the 
maximum pressure p(r) distribution versus distance can be evaluated from the equation: 
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3. Experimental layout 
The aim of the analysis is to verify the experimentally pressure wave evaluation predicted by two different 
models – TNT and thermodynamic. Therefore a laboratory scale experimental test rig has been designed, built and 
commissioned to explore the physical explosion phenomenon. The experimental gas tank is a plastic bottle (PET 
container) with a capacity in range from 2 to 5 liters. The bottle can be filled with different gases pressurized up to 
10 bar. It has been conservatively assumed that the bottle volume remains unchanged during the bottle 
pressurization. In the experiments nitrogen and helium has been used in absolute pressure range from 3 to 10 bar. 
The bursting is triggered by cutting the sidewall of the PET container by a heated resistance wire. The wire is heated 
by a pulse of electric current passed through it. During the blast the pressure wave is measured by a row of 
piezoresistive pressure transducers and recorded by a PC-controlled data acquisition device with a sampling 
frequency of 50 kHz per measurement channel. The pressure sensors measurement range is from 0 to 
10 bar and they have been arranged in a specific combination, in order to reduce the mutual shading – see Fig 1. 
This procedure allows for the best possible measurement of the blast wave. Some of the bursting processes has been 
additionally recorded by the ultra-fast camera with speed of the 1000 frames per second. 
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Fig. 1. Left: location of the pressure sensors along the experimental test rig. Right: photograph of the experimental test rig.   
4. Experimental results 
The experimental tests were conducted for two types of PET containers with capacity of 2 and 5 liters for two 
gases: nitrogen and helium. In case of nitrogen four tests using 5 liter containers under a pressure of 4, 5, 5.8 and 
6 bar  have been carried out and two tests with 2 liter containers filled to a pressure 8.8 and 10.4 bar. For helium 
three experiments has been carried out in 5 liters container with pressures of 5.0, 5.1 and 5.3 bar. 
Fig. 2 presents recorded pressure history obtained by transducers P1 – P10 during bursting 5 liters bottle filled 
with nitrogen under pressure 5 bar. For the sake of clarity the pressure lines on plot from each transducer has been 
separated vertically. The visible multi-peak structure of the lines is result of wave reflection from protecting wall 
placed behind the container. In other test the multi-peak character was caused by two stage bottle rupture. At the 
beginning the gas has been released through a relatively small opening causing the first pressure peak. Later the 
opening suddenly enlarged bringing about the second pressure peak. This phenomenon has been visible on video 
recording (Fig. 4).  
 
 
Fig. 2. Pressure evolution recorded by transducers during 5 liters bottle bursting filled with nitrogen under pressure 5 bar . 
Fig .3 presents the comparison of maximum pressure distribution predicted by TNT and thermodynamic models 
and experimental ones obtained from the same test as on Fig 2. The pressure values on Fig. 3 are maximum 
pressures recorded by each transducer and can be read from plots on Fig. 2. It is easy visible that the experimental 
results are closer to the pressures predicted by thermodynamic model rather than to TNT model. Similar results have 
been obtained from other test i.e. experimental line running between lines corresponding to TNT and 
thermodynamic model closer to the latter. The only exception has been observed for the test when the bottle has 
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been broken in such a way that gas has been relieved through narrow hole. This produced strong gas jet hitting 
sensors which result in higher pressures recorded. 
 
Fig 3. Comparison of blast pressures calculated by thermodynamic model, TNT model and experiment (points connected by solid line) for 
nitrogen container 5 dm3, 5 bar, 300 K. 
       
Fig 4. Captured stages of the bursting PET container with a capacity of  5 liters. 
Fig. 4 presents the captured stages of the bursting PET container of 5 liters volume. The container has been 
pressurized with nitrogen up to absolute pressure of 5 bar. The bursting has been triggered by cutting the sidewall of 
the PET container by the heated resistance wire. The whole bursting process was recorded by the ultra-fast camera 
with speed of the 1000 frames per second. It is seen that the blast has started with a small jet from a small hole, soon 
followed by a full opening of the container. The blast duration can be estimated for 5 ms. 
5. Scaling of the test results to real objects 
It is interesting to use experimental results to predict pressures resulting from potential rupture of real storage, 
which are considerable bigger than laboratory scale container. For example in the vicinity of the ITER tokamak the 
gaseous helium tanks are of 360 m3 volume and the maximum gas pressure is 25 bar at ambient temperature. 
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Fig.5. The scaling results for the helium tank 360 m3, 25 bar, 300 K. 
In order to utilize experimental results, dimensionless parameter should be used and the following parameters 
have been defined. The dimensionless pressure is expressed as ratio of the measured or calculated pressure to the 
initial pressure po in container. The dimensionless distance is expressed as ratio of the distance r to the center of the 
container to the radius R of the sphere of the same volume as the considered container. Therefore resulting scaling 
factors are px/pex and Rx/Rex respectively for pressure and distance. Fig. 5 presents the results of scaling of the 
experimental results obtained for helium versus pressures predicted by both models. The value used here are: 
px = 25 bar, pex = 5 bar, Rx = 4.4 m and Rex = 0.106 m. 
6. Conclusions 
It is seen from the performed blast tests that a thermodynamic model can be applied for calculation of pressure 
wave resulting from rupture of the tank filled with the compressed gas (nitrogen or helium). Some discrepancies 
between thermodynamic model and experimental results are due to the fact that the measured pressure wave resulted 
sometimes from a jet like initial gas relieve from the container. For the purpose of evaluation of the consequences of 
the pressurized helium tank rupture on the ITER tokamak infrastructure, the thermodynamic model is recommended. 
Scaling of experimental results to real helium storage tanks blasting can be done by the means of dimensionless 
pressure (pressure divided by initial pressure) and dimensional distance from the blast center (distance divided by 
equivalent radius of the gas container). 
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